Leptinotarsa decemlineata (Say) (Coleoptera: Chrysomelidae) is one of the most important insect pests of potato (Solanum tuberosum L.). Because of the high value of potato crops, most growers approach management in a similar manner. Chemical control of arthropod pests in potato is the standard pest management practice, and will likely continue to be in the foreseeable future. This heavy reliance on chemical control has led to high levels of insecticide resistance. Strategies that rotate chemistries are critical in order to maintain insecticide efficacy, highlighting the immediate need to evaluate novel chemistries to continue to manage this pest successfully. Working with different populations of L. decemlineata, field and lab experiments were conducted to evaluate the baseline toxicity, ovicidal activity, and field efficacy of the novel insecticide tolfenpyrad to L. decemlineata. Lab assays revealed that tolfenpyrad was toxic to both larvae and adults, and that L. decemlineata treated egg masses had a 0% hatch rate. Potato field plots treated with tolfenpyrad had significantly fewer larvae, less defoliation, and higher tuber yields. These data will provide accurate field rates for proper labeling, a baseline reference for tracking changes in L. decemlineata susceptibility, as well as provide a novel chemistry to aid in resistance management programs.
Introduction
Leptinotarsa decemlineata (Say) (Coleoptera: Chrysomelidae) is one of the most important insect pests of potato (Solanum tuberosum L.). Native to Mexico, L. decemlineata likely migrated into the Great Plains of North America in the 1800s [1] [2] and quickly became the most destructive pest of cultivated potato throughout the US and Canada [3] . Uncontrolled populations can completely defoliate potato fields, which can lead to a total loss of tuber production [3] [4] . In Virginia, minimum yield losses of 50% typically occur in potato if L. decemlineata is not managed [5] - [7] .
Leptinotarsa decemlineata is a specialist feeding only on solanaceous crops. These crops have elevated concentrations of toxic glycoalkoloids in their foliage, thus these insects have developed effective means to detoxify and excrete these toxins in their diet [8] - [10] . This ability to detoxify these plant toxins also facilitates their ability to develop resistance. In addition, the relatively high fecundity of L. decemlineata results in large populations in a short period of time [3] .
In addition to specializing in circumventing these toxins, L. decemlineata also face a tremendous selection pressure for resistance. Most solanaceous crops, including potato, eggplant, and tomato, are considered high value crops. For this reason, most of these crops are intensively managed with conventional insecticides. Feeding almost exclusively on intensively managed crops drastically increase the selection pressure for resistance by reducing the amount of refuge that is available to L. decemlineata [9] - [11] . This is evidenced by L. decemlineata seemingly innate ability to develop resistance to the insecticides used for control. Leptinotarsa decemlineata has a propensity for resistance development with some level of resistance being documented for 55 different active ingredients in nearly all insecticide groups [10] [12] [13] . While resistance varies between populations and regions, the homogeneity in management of potato increases the risk of resistance [12] [14]- [16] .
Chemical control of arthropod pests in potato has been the standard pest management practice for more than a century [17] , and will likely continue to be in the foreseeable future [2] . Since the 1990s, potato growers have relied on neonicotinoid insecticides as the foundation of pest management [12] . This overreliance on a single class of insecticide has led to a steady decrease in efficacy, and control [10] [18] [19] . Overreliance, combined with increased regulatory pressures to reduce the use of neonicotinoid insecticides may eliminate these chemicals as a management option in the future. Moreover, from a resistance management perspective, strategies that rotate chemistries are critical in order to maintain insecticide efficacy. This highlights the immediate need to evaluate novel chemistries to continue to manage this pest successfully. Tolfenpyrad is a broad spectrum insecticide that was discovered by the Mitsubishi Chemical Corporation (now the Nihon Nohyaku Co. Ltd.) in 1996, and was labeled in Japan for use on vegetables and ornamentals in 2002, and fruit trees in 2003 [20] . Tolfenpyrad, 4-chloro-3-ethyl-1-methyl-N-[4-(p-tolyloxy) benzyl]pyrazole-5-carboxamide, is a novel broad spectrum insecticide currently being developed by the Nihon Nohyaku Co. Ltd. Labeled by the US EPA for use on potato in states west of the Mississippi River in 2013, it has been classified by the Insecticide Resistance Action Committee (IRAC) in Group 21. Specifically, tolfenpyrad impedes cellular respiration by inhibiting complex I of the mitochondrial electron transport chain. Insect response from exposure to tolfenpyrad is rapid and includes termination of movement and feeding, lack of fecundity, and death. Tolfenpyrad has a positive mammalian toxicology profile with an acute oral toxicity of 386 mg kg −1 , acute dermal toxicity of 2000 mg kg −1 , and an acute inhalation toxicity of 2.21 mg•kg −1 . This novel insecticide has no reported cross resistance to other insecticides, which is highly attractive for use against L. decemlineata [21] .
Herein, we report laboratory studies determining the ovicidal activity, baseline toxicity of tolfenpyrad to L. decemlineata larvae and adults, as well as field tests evaluating the efficacy of different rates on L. decemlineata larva and adults. These data will provide accurate field efficacy rates for tolfenpyrad for proper labeling of this new insecticide as well as a baseline reference for tracking changes in L. decemlineata susceptibility, so that early stages of resistance can be detected in time for mitigation, as well as provide a novel chemistry to aid in resistance management programs.
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Materials and Methods
Insecticide
All experiments were conducted with commercially formulated tolfenpyrad 15 EC (15% ai.; 150 g ai/L) obtained from Nichino America, Inc at the beginning of each experimental year. All rates are based on manufactures suggested rate or the current product label.
Leaf-Dip Bioassays
Experiments were conducted from 2010 to 2012 at the Virginia Tech Eastern Shore Agricultural Research and Extension Center (ESAREC) in Painter, VA. Leptinotarsa decemlineata adults and larvae (2 nd and 3 rd instars) were sight identified in the field and collected from insecticide-free potato plots at the ESAREC.
Leaf-dip bioassays were conducted separately on larvae (2 nd -3 rd instars) and adult L. decemlineata. An initial (stock) rate of tolfenpyrad was calculated from a suggested field application rate of 230 g ai/ha. This was equivalent to a concentration of 4.57 mL product/liter (=0.685 g ai/L). Five serial dilution concentrations (6.85, 0.685, 0.0685, 0.00685, and 0.000685 g ai/L) plus a water control were evaluated in these experiments. Each concentration was replicated four times and each replication consisted of a single dipped potato leaf and ten larvae. Unblemished potato leaves were completely submerged in each treatment and allowed to air dry. Once dry, 10 larvae or 10 adults were placed in either a 9 cm or a 15 cm diameter Petri dish with each treated leaf, respectively. Adult L. decemlineata assays included two leaves per Petri dish. Mortality was assessed after 72 hours. Larvae and adults were considered dead or moribund if they did not respond to gentle probing or could not right themselves if turned upside down.
Egg Mass Bioassays
In 2012 and 2013, L. decemlineata egg masses from Virginia and Michigan were collected and exposed to either water or the high field rate of tolfenpyrad, 230 g ai/ha. Ten egg masses from each location for each treatment were tested. Egg masses were completely submerged in tolfenpyrad or in a non-treated water control. Once exposed, the egg masses were placed in 9 cm Petri dishes, maintained at room temperature, and observed for 3 to 5 days to determine the number of eggs from each egg mass that hatched. Egg masses from multiple populations were evaluated to include some lab-reared populations resistant to neonicotinoid insecticides ( Table 1) .
Field Efficacy Experiments
Experiments were conducted in 2010, 2011, and 2012 at the ESAREC, to evaluate the field efficacy of tolfenpyrad on L. decemlineata larvae. Potato seed pieces "Superior" were planted on 25 March, 13 April, and 21 March in 2010, 2011, and 2012, respectively. Potatoes were grown on Bojak sandy loam soils following standard commercial cultivation and production practices for eastern Virginia including: a seed spacing of 30 cm within a row and between row spacing of 0.9 m; pre-plant herbicide applications (S-metalochlor and metribuzin at labeled rates), fertilizer application at first hilling cultivation, foliar spray applications of fungicides as needed for Late Blight control, and overhead sprinkler irrigation sparingly as needed during early summer drought periods. Each trial was set up in a randomized complete block design; in 2010 and 2011, each treatment was replicated four times and in 2012, each treatment was replicated six times. Individual plots consisted of two rows of Table 1 . Number of L. decemlineata egg masses that hatched after being exposed to tolfenpyrad (230 g•ai/ha) or a nontreated control (NTC) of water. Egg masses from Virginia were collected from a field population in Blacksburg, VA, in 2012. The remaining egg masses were from laboratory-reared colonies maintained in East Lansing MI, 2013. potato. Three suggested rates of tolfenpyrad were evaluated 153, 186, and 230 g ai/ha. Two foliar applications of insecticides were applied one week apart upon the first observation of small larvae in the field. Applications of insecticides were made on 11 and 18 May, 20 and 27 May, and 12 and 21 May in 2010, 2011 and 2012, respectively. In 2010, to evaluate the potential synergistic effect of the pyrethroid β-cyfluthrin with tolfenpyrad a single treatment of the low rate of tolfenpyrad was mixed with β-cyfluthrin at a rate of 14g ai/ha. All treatments were compared to a commercial standard, β-cyfluthrin (14 g ai/ha), as well as an untreated control. In all three years applications were applied using a CO 2 powered backpack sprayer equipped with a four-nozzle boom with flat spray nozzles (TeeJet 110003 VS) spaced 50.8 cm apart at 2.721 atm. Each treatment was evaluated by counting the number of L. decemlineata small and large larvae found on 10 arbitrarily chosen potato stems in each plot. Defoliation was measured as a percentage of all plants in each plot through visual estimation after larval feeding had ceased on 14 Jun, 10 Jun, and 6 Jun in 2010, 2011, and 2012, respectively. Yield was evaluated by mechanical harvest and tubers were graded by size according to US standards (Grade B, small A, large A, and Chef) [22] . Potato tubers were harvested on 1 July, 13 July, and 28 Jun in 2010, 2011, and 2012, respectively.
Statistical Analysis
Tolfenpyrad LC 50 and 95% confidence limits for small larvae and adult L. decemlineata using leaf-dip bioassays analyzed with standard Probit analysis in GraphPad Prism, version 5 [23] . Abbott's formula was used to correct for control mortality greater than 15% [24] .
Field experiments were analyzed using JMP 10 software [25] . Leptinotarsa decemlineata larval counts, percentage defoliation, and marketable yield were analyzed using ANOVA. Insect numbers were square root (x + 0.05) transformed prior to analysis. Defoliation data were arc sine, square root transformed prior to analysis. Mean comparisons were conducted using Fisher's LSD at the P ≤ 0.05 level of significance. Untransformed data were reported in all tables.
Results
Leaf Dip Bioassays
Tolfenpyrad was highly toxic to L. decemlineata larvae and adults with corresponding LC 50 values of 13 and 164 ppm, respectively. The 95% confidence intervals for the LC 50 levels are 10.0 -16.0 ppm for the larvae and 101.0 -266.0 ppm for the adults. Thus, tolfenpyrad was approximately 12 times more toxic to larvae. Figure 1 shows the combined concentration-mortality response of L. decemlineata populations to tolfenpyrad in Painter, VA. The adult and larvae r 2 values were 0.9663 and 0.9584, respectively.
Egg Mass Bioassays
High field rate of tolfenpyrad resulted in a 0% hatch rate and the control of water had 100% of the egg masses hatch 5 days after treatment (DAT). It is important to note, of all the insecticide treated egg masses only a single egg hatched ( Table 1) .
Field Trials
In 2010, L. decemlineata pressure was moderate with an average of 70 larvae per 10 vines in the untreated control plots. There was a significant treatment effect on the abundance of L. decemlineata larvae ( Table 2) . In general, all tolfenpyrad treatments provided effective control of L. decemlineata. The first count on 17 May indicated significantly fewer small larvae in the tolfenpyrad treated plots (F = 5.69; df = 5, 15; P = 0.0039). On 24 May, a significant treatment effect was observed on small (F = 6.39; df = 5, 15; P = 0.0023) and large larvae (F = 18.71; df = 5, 15; P < 0.0001) as well as defoliation (F = 9.97; df = 5, 15; P = 0.0002) ( Table 2) . Plots with the 230 g ai/ha rate of tolfenpyrad and the tolfenpyrad mixed with β-cyfluthrin treatment yielded significantly more marketable potatoes (F = 3.09; df = 5, 15; P = 0.0411).
Results from 2011 were similar to those in 2010, and all treatments of tolfenpyrad provided effective control ( Table 3) . There was a significant treatment effect for small (F = 6.06; df = 3, 9; P = 0.0152) and large larvae (F = 6.08; df = 3, 9; P = 0.0153) on 26 May and on 2 Jun (F = 31.05; df = 3, 9; P < 0.0001) (F = 9.90; df = 3, 9; P = 0.0033), respectively; as well as a significant treatment effect on defoliation (F = 23.01; df = 3, 9; P = 0.0001) ( Table 3 ). There was no significant treatment effect on tuber yield.
The 2012 field season was similar to the previous two seasons; in general, all treatments of tolfenpyrad provided effective control of L. decemlineata larvae ( Table 4) . Plots treated with tolfenpyrad had a significant treatment effect for small (F = 19.20; df = 3, 15; P < 0.0001) and large larvae (F = 53.40; df = 3, 15; P < 0.0001) on 18 May. On 29 May, there was a significant treatment effect on small (F = 5.11; df = 3, 15; P = 0.0124) and large larvae (F = 46.28; df = 3, 15; P < 0.0001). There was also a significant treatment effect on defoliation (F = 70.24; df = 3, 15; P < 0.0001) ( Table 4) . Unlike 2011, there was a significant treatment effect on yield (F = 18.61; df = 3, 15; P < 0.0001) and the tolfenpyrad treated plots produced significantly more marketable potatoes. 
Discussion
Research has shown tolfenpyrad to be effective on a number of insect pests in a variety of crops. These include green peach aphids Myzus persicae (Sulzer) (Hemiptera: Aphididae) on broccoli Brassica oleracea L. potato leafhopper nymphs, Empoasca fabae (Harris) (Hemiptera: Cicadellidae) in potato western flower thrips, Frankliniella occidentalis (Pergande) (Thysanoptera: Thripidae), in lettuce Lectuca sativa var. longifloria, Lam.
[26]- [29] . Our research showed that the pyrazole-5-carboxamide insecticide, tolfenpyrad, was highly toxic to L. decemlineata eggs, larvae, and adults. The larval stage of L. decemlineata is more susceptible to tolfenpyrad. This was not surprising as L. decemlineata larvae have been shown to be more susceptible than adults to many other insecticides including, azadirachtin [17] [30] [31] , Bacillus thuringiensis subsp. tenebrionis [17] [32], and cyromazine [17] [33] [34] . In all three years, the first generation of L. decemlineata was successfully controlled by tolfenpyrad at the lowest rate tested, 153 g ai/ha. In the first field trial, the addition of the pyrethroid β-cyfluthrin at a rate of 14 g ai/ha to tolfenpyrad did not improve efficacy, therefore this treatment was not included in the other field experiments. This is consistent with other studies that found tolfenpyrad equally effective at controlling L. decemlineata as many of the currently used insecticides [35] [36] .
Leptinotarsa decemlineata has demonstrated a high predilection for developing resistance to insecticides. Specifically, L. decemlineata has shown resistance to all or some of the compounds classified in the arsenical, organochlorine, carbamate, organophosphate, pyrethroid, and neonicotinoid classes of chemistry [10] [18] . Because potato growers in the United States rely heavily on neonicotinoids at planting for control of L. decemlineata and the concern for cross-resistance [18] [37] , it is imperative that growers alternate insecticides with different modes of action [38] . However, potato growers have limited choices for effective non-neonicotinoid foliar insecticide treatments. We found that two foliar applications of tolfenpyrad at a rate of 153 g•ai/ha or higher was sufficient to control the first generation of L. decemlineata on potatoes. The high level of field efficacy on all life stages of L. decemlineata and novel mode of action make tolfenpyradan ideal candidate for resistance management. However, because L. decemlineata has exhibited a variety of mechanisms that facilitate the development of pesticide resistance [18] [39]- [42] , additional studies are needed to confirm the physiological impact of tolfenpyrad on L. decemlineata to evaluate the potential for cross-resistance. Nevertheless, potato-producing regions, where L. decemlineata has shown resistance to neonicotinoids and other insecticides, could benefit from incorporating tolfenpyrad into pest management programs.
